The bacilli are a wide group of microorganisms that are characterized by endospore formation. Presently, this group comprises several families and genera, many of which formerly belonged to the genus Bacillus, which has been separated into several novel genera that belong to several families. The genus Paenibacillus is a group of bacilli that was proposed by Ash et al. [1] and belongs to the family 'Paenibacillaceae'. Members of the genus are defined as Gram-stain-positive or variable, non-pigmented, rodshaped, motile and endospore-forming [2] [3] [4] [5] [6] . The DNA G+C contents are in the range of 39-59 mol% [7] . Affiliates of the genus are widely distributed in nature and have physiologically diverse characteristics. Some species of the genus Paenibacillus show a great capacity to fix atmospheric nitrogen in vitro [8] [9] [10] [11] , and have potential applications in different fields of agricultural biotechnology as inoculants for crop production. Here we show that a bacterial strain, designated NF2- [4] [5] T and isolated from paddy soil, represents a novel nitrogen-fixing species of the genus Paenibacillus.
Strain NF2- [4] [5] T was isolated from paddy soil by screening on nitrogen-free medium as described by Cavalcante and Do€ ebereiner [12] but with some modification as follows (composition g per litre of water): 2 g sucrose, 5 g dextrose, 3 g mannitol, 1 g malic acid, 1 g citric acid, 1 g sodium acetate, 0.2 g K 2 HPO 4 , 0.6 g KH 2 PO 4 , 0.2 g MgSO 4 Á7H 2 O, 0.02 g CaCl 2 Á2H 2 O, 0.002 g Na 2 MoO 4 and 1 ml vitamin solution. One gram of soil was placed in 10 ml (0.85 % NaCl) sterile saline and stirred for 10 min. An aqueous volume of 100 µl of the mixture was spread on nitrogen-free medium in triplicate and incubated at 30 C for 7 days. After 7 days' incubation, one colony that grew very well on nitrogen-free medium and exhibited nitrogenase activity was selected and incubated at 30 C for 3 days for further study. Strain NF2-4-5 T was cultured routinely on nitrogen-free agar medium plates at 30 C and preserved as a suspension in R2A broth supplemented with 20 % (v/v) glycerol at À80 C.
Chromosomal DNA was extracted with a commercial genomic DNA extraction kit (Solgent, Korea) and PCR-mediated amplification of the 16S rRNA gene and sequencing of the purified PCR product were carried out according to Kim et al. [13] . The nifH gene was amplified using the primer set nifH19F and nifH407R, and conditions described previously by Ueda et al. [14] . Sequence similarity and multiple sequence alignment were analysed using EzBiocloud [15] , the NCBI BLAST program (http://www.ncbi.nlm.nih.gov) and the CLUSTAL_X program [16] . Phylogenetic trees were constructed using the MEGA6 program [17] . Tree topology was evaluated by the neighbour-joining [18] , maximum likelihood [19] and maximum-parsimony methods [20] , with 1000 replications bootstrap analysis.
The nearly complete 16S rRNA gene sequence of strain NF2-4-5 T (1481 nt) was determined and subjected to comparative analysis. Phylogenetic analysis using the neighbour-joining method based on 16S rRNA gene sequences indicated that strain NF2- [4] [5] T is clustered within the genus Paenibacillus (Fig. 1) . Phylogenetic trees constructed using the maximum-likelihood and maximum-parsimony algorithms also supported this conclusion, with high sequence 16S rRNA gene similarities. The highest degree of sequence similarity determined was to Paenibacillus graminis DSM 15220 T (98.7 %). Alternative chronometers such as the RNA polymerase b subunit (rpoB) gene have been used successfully in the phylogenetic analysis of this genus [21, 22] .
Based on 16S rRNA gene sequence and EzTaxon-e and phylogenetic trees analysis, P. graminis DSM 15220 T , P. jilunlii DSM 23019 T , P. riograndensis DSM 28159 T and P. sonchi LMG 24727
T were selected as the closest recognized neighbours of strain NF2-4-5 T and were obtained from culture collections (DSMZ and LMG), grown under the same conditions and used as reference strains in most of the subsequent phenotypic tests. were 98.6 and 98.3 %, respectively. Phylogenetic analysis based on nifH gene sequences revealed that strain NF2-4-5 T clusters with species of the genus Paenibacillus (Fig. S1 , available in the online version of this article).
Cell shape, size and the presence of flagella were observed under transmission electron microscopy (Hitachi SU-3500) and Nikon light microscopy (Â1000 magnification). Motility was tested on R2A broth supplemented with 0.2 % agar [23] . Gram-staining was analysed using the non-staining method, as described previously [24] . Cell growth of strain NF2-4-5 T was monitored at temperatures of 0, 5, 10, 15, 18, 20, 25, 30, 35, 37, 40, 42, 45 and 50 C, respectively. Similarly, the growth of strain NF2-4-5 T was tested on different media: R2A (Difco), trypticase soy agar (TSA; Difco), LuriaBertani (LB: Difco), nutrient agar (NA: Difco), and MacConkey agar (Difco) at 30 C for 7 days. Different initial pH values (4-10 at intervals of 0.5 pH units) were adjusted respectively by using the following buffers: citric acid/ sodium citrate (pH 4.0-6.0), Na 2 HPO 4 /NaH 2 PO 4 (pH 7.0-8.0) and Na 2 CO 3 /NaHCO 3 (pH 9.0-10.0), (Gomori, 1955 ). Salt tolerance was tested using trypticase soy broth supplemented with 0.5-6.0 % (interval 0.5 %, w/v) NaCl for 5 days at 30 C. Oxidase activity was determined using 1 % (w/v) N, N, N, N-tetramethyl-1,4-phenylenediamine reagent (bio-M erieux), and the catalase activity was determined by the production of bubbles from 3 % (v/v) H 2 O 2 solution. Hydrolysis of starch, casein, aesculin, DNAse, cellulose, gelatin and Tween 80 were performed and evaluated after 5 days of incubation at 30 C [25, 26] . According to the manufacturer's instructions (API bioM erieux), the enzyme production and carbon source utilization were conducted using API ZYM, API ID 32GN and API 20NE. All the kits were incubated at 30 C and recorded after 24 and 48 h.
Cells of strain NF2-4-5 T were Gram-stain-positive, aerobic, motile and rod-shaped, as shown in Fig. S2 . Colonies of strain NF2-4-5 T grown on R2A agar medium were circular, convex, opaque and milky after 48 h of incubation at 30 C. Strain NF2-4-5 T was negative for indole production, and hydrolysis of starch, gelatin, Tween 80, DNA, casein and cellulose. Nitrate was reduced to nitrite. The results of the physiological characterization, performed using methods described previously [27, 28] , are given in Table 1 and in the species description.
The DNA G+C content was determined by the method of Mesbah et al. [29] after the degradation of DNA to nucleosides by nuclease P1 and alkaline phosphatase enzymes. Then the subsequent separation of the nucleosides was measured using a reverse-phase HPLC column YMC-Triart C18 (4.6Â250 mmÂ5 µm).
Using the fluorometric microplate method [30] , the DNA-DNA hybridization experiment was carried out in triplicate. The DNA-DNA hybridization between strain NF2-4-5 T and four reference strains, P. graminis RSA19 [31] , and shows that the strain NF2-4-5
T represents a distinct genomic species of the genus Paenibacillus. The DNA G+C content of strain NF2-4-5 T was 56.3 mol%, which falls in the range of genus Paenibacillus.
The polar lipids were extracted from 50 mg of freeze-dried cells, and examined by two-dimensional TLC and then identified as described by Minnikin et al. [32] . The method of Collins (1985) was used to identify the isoprenoid quinone that was extracted from 100 mg of freeze-dried cells with chloroform/methanol (2 : 1 v/v). The crude extract was then resuspended in n-hexane and purified using Sep-Pak Vac Cartridges Silica and subsequently analysed by HPLC (Model NS-6000A, Futecs) with reverse-phase column YMC-Triater C18 (4.6Â250 mmÂ5 µm). Peptidoglycan analysis of strain NF2-4-5 T was analysed with the meso-DAP (standard) as described by Schleifer and Kandler [33] using the TLC (TLC cellulose Merck KGaA 20Â20 cm) plates.
For fatty acid analysis, the cell mass of strain NF2-4-5 T and the closely related type strains were grown on R2A [Difco (pH 7.0)] agar at 30 C for 48 h. The cellular fatty acids were saponified, methylated and extracted according to the protocol of the Sherlock Microbial Identification System (MIDI). The fatty acid methyl esters were then analysed by gas chromatography (model 6890; Hewlett Packard) using the Microbial Identification software package [34] .
The DNA G+C content of strain NF2-4-5 T was 56.3 mol%, which comes within the range of genus Paenibacillus [7] . The main detected polar lipids in strain NF2-4-5 T were diphosphatidylglycerol (DPG), phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) while the minor polar lipids were unknown lipids (Ls), aminolipid (AL), phospholipids (PLs), aminophospholipids (APLs) and one unknown glycolipid (GL) (Fig. S3) . The major polar lipids profile of strain NF2- [4] [5] [6] T is similar to those of the described species of genus Paenibacillus [33, 34] . The quinone system, consisting of only menaquinone MK-7, supported the affiliation of strain NF2- [4] [5] T to the genus Paenibacillus. The peptidoglycan of strain NF2-4-5
T contained meso-DAP as the diagnostic diamino acid. The fatty acid profile comprised mainly iso-and anteiso-branched fatty acids and was very similar to those of the most closely related species of the genus Paenibacillus. The detailed fatty acid profile obtained from cells grown on R2A medium after 48 h incubation at 30 C is shown in Table 2 . The major fatty acids of strain NF2-4-5 T were anteiso-C 15 : 0 (50.1 %) and C 16 : 0 (12.0 %); lower amounts of C 14 : 0 (6.7 %), iso-C 14 : 0 (7.2 %), iso-C 15 : 0 (8.3 %) and iso-C 16 : 0 (8.2 %) were also found.
In summary, phylogenetic analysis based on the full-length 16S rRNA gene sequence, DNA G+C content and chemotaxonomic properties revealed that strain NF2- [4] [5] T is a member of the genus Paenibacillus. Several phenotypic characteristics and levels of DNA-DNA hybridization further demonstrated that our isolate represents a novel species of the genus Paenibacillus, for which the name Paenibacillus azotifigens sp. nov. is proposed, strain NF2-4-5 T being the type strain. Cells are Gram-reaction-positive, oxidase-and catalase-positive, aerobic and motile rods (width, 0.5-1.2 µm; length, 1.5-3 µm). Colonies grown after 48 h of incubation on R2A agar medium are circular, convex and milky-coloured with an average diameter of 1.5-2.4 mm. Grows well on R2A agar but weakly on TSA and NA agar (Difco). No growth on LB, MacConkey and DNase agar (Difco) media. Optimum temperature for growth is 30 C; growth occurs at 18-37 C but not at 15 or 40 C. Optimal pH for growth is 6.5-7.0; growth occurs at pH 6.0-8.5. Grows in the presence of Enzyme activity: The quinone system is composed of menaquinone MK-7. Major polar lipids are diphosphatidylglycerol (DPG), phosphatidylglycerol (PG) and phosphatidylethanolamine (PE). Major fatty acids are anteiso-C 15 : 0 and iso-C 16 : 0 . The cell wall peptidoglycan diagnostic amino acid is meso-diaminopimelic acid. Ellipsoidal spores are located subterminally in swollen sporangia.
DESCRIPTION OF PAENIBACILLUS AZOTIFIGENS SP. NOV.
The DNA G+C content of the type strain is 56.3 mol%. The type strain is NF2-4-5 T (=KACC 18967 T =LMG 29963 T ) isolated from paddy soil, in the Republic of Korea. 
